agnus, Hippophae, and Shepherdia spp. (genomic species 4, 5, 6, 7, and 8 [17] ).
The separation between members of the Alnus group and members of the Elaeagnus group has been widely studied and is presently supported by the sequences of genes coding for 16S rRNA (rDNA) (38) , nif restriction fragment length polymorphisms (RFLPs) (16, 39) , cellular fatty acids (52) , isoenzymes (18) , sugars (60) and serology (3) . Moreover, the infection mechanism has been demonstrated to depend on the host plant genus, namely, via intercellular penetration in Elaeagnus spp. and via penetration of deformed root hairs in Alnus spp. (7a) and Myrica spp. (35) . Nevertheless, Margheri et al. (33) and two unconfirmed reports in the literature (14, 61) have mentioned the existence of Frankia strains that belong to the Elaeagnus group but are also able to nodulate Alnus spp. No extensive studies of this question have been published until now, very likely due to the lack of routine methods to obtain Frankia clonal cultures. Actually, the filamentous morphology, the slow growth rate, the occurrence of protoplast fusion before development into true colonies (43) , and the very low spore germination rate shown by most of available isolates still limit the application of standard bacterial purification techniques to Frankia spp.
In order to prove the existence of Frankia strains having a broad host range, we undertook the characterization of strain UFI 13270257 previously described by Margheri et al. (31, 33) and of three of its coisolates, by comparing phenotypic and genotypic characteristics with those of their respective reisolates obtained after one or two endophytic passages on axenic host plants. For and specific polymerase chain reaction (PCR) amplifications were then performed in order to classify these strains in one of the Frankia groups previously described.
MATERIALS AND METHODS
Plant materials, bacterial strains, and culture conditions. Hydrogen peroxide-disinfected seeds from two provenances (each) of Alnus cordata, Alnus glutinosa, Alnus incana, Casuarina equisetifolia, Elaeagnus angustifolia, Elaeagnus hybrid (E. angustifolia x E. umbellata), and Hippophae rhamnoides were used. Plant incubation was performed under axenic conditions, in glass tubes containing grit moistened with 1/4 strength N-free Hoagland's solution (21) supplemented with 0.25 mM NH4NO3. Contamination was tested routinely at the end of each experiment by plating root fragments on agar nutritive medium.
Frankia strains used in this study are listed in Table 1 . Wild-type isolates were subcultured for 4 years without noting cultural variations before testing their plant infectivity range. Reisolates were obtained during this study from nodules induced by wild-type strains on axenic seedlings of A. glutinosa, A. incana, and E. angustifolia (Fig. 1) . Their designations indicate the original host plant genus and then the wild-type strain number (1, 2, 3, or 4) and the host genera from which strains were reisolated (A for Alnus and E for Elaeagnus). Cultures were maintained at 28°C with weekly manual agitation and subcultured every 2 to 3 weeks by fragmenting hyphae through a 22-gauge needle into liquid FTW medium (58) .
Infectivity tests and strain reisolation. For each of the 14 plant provenances, 10 3-week-old axenic seedlings were inoculated with 1 ml of homogenized 4-to 6-week-old Frankia suspensions. Inoculations were performed again after 2 weeks, as described above. Each inoculation experiment was repeated at least twice. Nodulation was checked after 4, 8, and 12 weeks.
Nodules induced by Frankia strains on axenic plantlets were aseptically recovered, individually disinfected with 30% hydrogen peroxide for 5 min, and rinsed with sterile distilled water. Single nodules were crushed in a sterile Potter-Elvehjem tissue homogenizer with 1 ml of sterile Tween 80-NH4+ medium (8) , serially diluted to 10-, and plated on the same medium solidified with 1% agar. Petri dishes were incubated for 2 to 6 weeks at 28°C. When typical multilocular sporangia were observed, colonies were transferred into liquid medium and subcultured as described above.
Microscopy. Frankia cultures and plant roots were prepared as described by Hahn et al. (20) .
Assessment of nitrogen-fixing activity. Acetylene reduction assays were performed as described by Turner (40) , but slightly modified to incorporate restriction endonuclease recognition sites. Primers FGPS6 (5' GG AGAGTTAGAIT[TGGCTC 3') and FGPL1948' (5' ATCG GCTCGAGGTGCCAAGGGATCCA 3') possessed a BglII and a BamHI recognition site (underlined), respectively. The PCR amplifications were performed in a total volume of 50 ,ul by using the standard conditions described by Simonet et al. (54) and were run for 40 cycles (95°C for 1 min, 55°C for 1 min, and 72°C for 1 min) with a PHC-2 machine (Techne, Princeton, N.J.). To check the efficiency of the amplification, 1/10 of the PCR products were analyzed by electrophoresis on a 2% (wt/vol) agarose gel. Amplified products were purified with the GeneClean Kit (Bio 101, La Jolla, Calif.) as specified by the manufacturer, cleaved with BglII and BamHI, ligated into BamHI-cut pBluescript II SK-vector (Stratagene, La Jolla, Calif.), and transformed into Escherichia coli DH5otF' as described by Maniatis et al. (30) . Plasmids were prepared using the alkaline lysis method described by Jones and Schofield (22) . Sequencing was performed by using the dideoxy-chain termination method of Sanger et al. (50) , the T7 Sequencing Kit (Pharmacia LKB, Uppsala, Sweden), and primers FGPS849 (5' AGCGACGC CGCGTGAGGGATG 3') and FGPS1176' (5' GGGGCAT GATGACTITGACGTC 3').
For characterization purposes, the two primers named FGPS989ac (5' GGGGTCC£iTAAGGGTC 3') and FGPS Wild-type strains and their reisolates were actively nitrogen fixing on E. angustifolia (dark green leaves), as confirmed by acetylene reduction assays (not shown), and had normal endophytic vesicle development (Fig. 2d ). In contrast, vesicles were always absent from ineffective nodules (Fig. 2e) and 32P-labelled nif and r-n probes (not shown), namely, a single band for pFQ148 and BamHI (9.4 kb), pFQ148 and BglII (5.1 kb), and pFQ148 and SstI (2.9 kb); two bands for pOS113 and SalI (11.7 and 10.5 kb) and pOS113 and SstI (8 and 6.6 kb); and three bands for pOS113 and BamHI (5.2, 5, and 2.9 kb).
Wild Table 2 . It was found that, on the one hand, wild-type strains and their reisolates fell into one and the same genomic species, as they had more than 91.5% DNA relatedness with El, less than 25.6% with other Elaeagnus group reference Frankia strains, and 8.5% with Frankia strain Ar2402 (Alnus group). On the other hand, Frankia Ea112 (genomic species 4) labelled DNA showed less than 17.3% DNA-DNA homology with wild-type strains and their reisolates.
Partial nucleotide sequence of the 16S rDNA was obtained for Frankia strains E3 and E4 and aligned with those of 35 reference Frankia strains published by Nazaret et al. (38) (data not shown). rrn sequences of the two wild-type strains E3 and E4 were very similar to that of reference Frankia strain EUNlf and indistinguishable from that of Frankia strain CH (ORS 140102), isolated from H. rhamnoides (48) . DISCUSSION An evaluation of Frankia sp. host infectivity showed that the four wild-type Frankia strains El, E2, E3, and E4, although being isolated from an Elaeagnus sp., can infect both Alnus spp. and Elaeagnus spp. Infection was via penetration of deformed root hairs (Fig. 2a and b) The possibility of isolating more than one Frankia strain from the same nodule (6, 15, 65) , the emergence of so-called "spontaneous cultural variants" (2, 44) , and the genetic heterogeneity among two subcultures of the same strain maintained in two different laboratories (10) (Fig. 3C) but not with primer FGPS989ac (Fig. 3B) [5] ) and genomic species 4 (Elaeagnus group) (17) . At present, it is not possible to say whether they belong to the same genomic species as other Frankia strains previously tested (1, 2, 9, 17) . However, the fact that wild-type strain El showed a higher genomic similarity with Frankia strains Ea26 and HR2714 than with Ar2402 confirms its closeness to the Elaeagnus group of strains rather than to the Alnus group. This also highlights the fact that the resolution of genomic DNA homology studies is much higher than that of rDNA sequence analysis, isolates with more than 70% total DNA homology having in general identical partial 16S sequences (17a) .
Frankia strain E4 and related isolates have different interactions with different host plant genera, different Alnus species, and even different provenances. These differences might be linked to variations of plant tolerance to cultural conditions used (i.e., long and thin cotton-plugged glass tubes [ Fig. 1 The fact that the strains studied had almost no vesicles inside nodules formed on Alnus spp. (Fig. 2e) but did have several vesicles both in E. angustifolia nodules (Fig. 2d ) and in vitro (Fig. 2c) (Fig. 2a) and penetration (Fig. 2b) have been allowed to take place. The study of molecular signals between broad-host-range Frankia strains and cloned actinorhizal plants should advance our understanding of factors regulating the symbioses between Frankia strains and actinorhizal plants.
